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Abstract 
 
 
 Hypervelocity impact tests have been performed on specimens representing metallic 

thermal protection systems (TPS) developed at NASA Langley Research Center for use on 

next-generation reusable launch vehicles (RLV).  The majority of the specimens tested consist 

of a foil gauge exterior honeycomb panel, composed of either Inconel 617 or Ti-6Al-4V, backed 

with 2.0 in. of fibrous insulation and a final Ti-6Al-4V foil layer.  Other tested specimens 

include titanium multi-wall sandwich coupons as well as TPS using a second honeycomb 

sandwich in place of the foil backing.  Hypervelocity impact tests were performed at the NASA 

Marshall Space Flight Center Orbital Debris Simulation Facility.  An improved test fixture was 

designed and fabricated to hold specimens firmly in place during impact.  Projectile diameter, 

honeycomb sandwich material, honeycomb sandwich facesheet thickness, and honeycomb core 

cell size were examined to determine the influence of TPS configuration on the level of 

protection provided to the substructure (crew cabin, fuel tank, etc.) against micrometeoroid or 

orbit debris impacts.  Pictures and descriptions of the damage to each specimen are included. 
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Introduction  

 All vehicles subjected to the harsh environment of space are susceptible to impacts by 

micrometeoroids and orbital debris.  Micrometeoroids and orbital debris are natural and man-

made particles that travel in low earth orbit at velocities of up to 20 km/s.  As man's activity in 

space increases so does the threat of hypervelocity impact. 

 There is an on-going effort at NASA Langley to develop a metallic thermal protection 

system (TPS) for the next-generation reusable launch vehicle (RLV).  This next-generation 

RLV is intended to replace the US Space Shuttle for missions to low earth orbit.  The TPS tiles, 

forming the exterior surface of the vehicle, must not only protect the RLV from aerodynamic 

heating during launch and re-entry but also protect the vehicle and crew from hypervelocity 

impacts during the mission.  The metallic TPS is designed to be more durable and simpler to 

repair or replace than the current TPS tiles used on the Shuttle.  The primary metallic TPS 

configuration studied herein is comprised of a metallic box encapsulating lightweight internal 

insulation. [1]  The exterior surface of the box is either an Inconel 617 (will be referred to as 

Inconel) honeycomb sandwich or a Ti-6Al-4V (will be referred to as titanium) honeycomb 

sandwich.  The inner surface is either a titanium honeycomb sandwich or a titanium foil layer, 

and the sides are made of either Inconel or titanium corrugated foil.  The TPS panel 

configuration can be seen in Figure 1.  In addition to the TPS configuration described above, 

titanium multiwall sandwich TPS was also studied.  Titanium multiwall sandwich, as shown in 

Figure 2, consists of 9 alternating layers of flat and dimpled foil. [2,3] 

 To determine the effects of hypervelocity impacts on the metallic TPS concept, 

hypervelocity impact testing on various TPS configurations were performed at the NASA 

Marshall Space Flight Center Orbital Debris Simulation Facility.  The effect on penetration of 

the substructure wall by varying the following parameters was examined:  facesheet material, 

facesheet thickness, honeycomb core cell size, thickness of insulation, and projectile diameter.  
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The TPS parameter levels tested will be described in the “Test Specimens” section of this 

report.  All tests were performed with an 1100-O Aluminum sphere of diameter 0.125 in., 

0.1875 in., or 0.25 in. at velocities near 7 km/s.  For each test the substructure wall, the 

simulated vehicle wall protected by the TPS, was a 10 in. x 10 in. specimen of Aluminum 2024-

T81 of 0.1 in. thickness.  
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Background  
 
 In the past most hypervelocity impact testing has been performed to test shielding for 

spacecraft that will spend extended periods of time in space.  Spacecraft that are designed for 

long duration exposure in Earth orbit typically use a Whipple shield [4,5], or a design derived 

from the Whipple Shield, to provide protection from space debris and micro-meteorites.  

Whipple determined that the ideal design for protecting against hypervelocity impacts consists 

of a thin sacrificial shield (or “bumper”) separated by a standoff distance of several inches from 

the main shield.  The purpose of the bumper is to break up the incident particle before it impacts 

the main shield.  Impact between the particle and the bumper generates a shock wave that 

causes fragmentation, melting, and at high velocities, vaporization of the particle and portions 

of the bumper.  It is interesting to note that the bumper does not have to be very thick relative to 

the particle diameter to be effective.  Located several inches behind the bumper, the main shield 

is designed to absorb the resultant blast.  Due to the ability of the bumper to spread out the 

damage over a wide area on the main shield, the required areal density of the bumper system is 

much less than a single wall system designed to defeat the same particle. [6]  The standoff 

distance is very important in determining the effectiveness of a Whipple shield.  Increasing the 

standoff gives the debris from the particle-bumper impact more time to spread out, increasing 

the protection.  Figure 3 diagrams the result of a hypervelocity impact with a shield consisting 

of two bumper shields before the main shield, commonly known as a double-bumper shield. 

Whipple shields are impractical for thermal protection systems. However, most of the 

TPS configurations examined have at least 2.0 in. of spacing between the exterior surface and 

the substructure and could act in a manner similar to the Whipple shield concept.  In this case, 

the TPS panel will act as a bumper and the substructure takes the place of the main shield.  

Therefore, there is the potential that TPS can be effectively used to protect spacecraft from 

hypervelocity impacts.
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Testing Facility  

 The impact test series was conducted at the Orbital Debris Simulation Facility at NASA 

Marshall Space Flight Center in Huntsville, Alabama.  The facility houses a two stage light gas 

gun that is used for meteoroid/space debris impact simulations.  The light gas gun can 

accommodate 2.5 mm (0.098 in.) to 12.7 mm (0.5 in.) diameter spherical projectiles and up to 

1.6 mm (0.063 in.) diameter cylindrical projectiles.  Projectile mass ranges from 0.0004 to 2.1 

grams and travel at velocities from 2 to 7.5 km/s.  There are three test chambers of the following 

sizes:  

1. 0.4 m (16 in.) x 0.4 m (16 in.) x 0.4 m (16 in.) 
2. 0.66 m (26 in.) x 0.66 m (26 in.) x 1.2 m (48 in.) 
3. 2.4 m (8 ft) diameter x 6.1 m (20 ft) long 

 
Also available, are real time in situ diagnostics such as velocity measurements, debris cloud 

momentum measurement and 24 channel simultaneous high speed analog to digital data 

recording.  Velocity measurements are taken using flash X-ray, Hall (Streak) camera, and ultra 

high-speed cameras.  The gun can be fired a maximum of three times per day with a pointing 

error of approximately one inch square. [7] 

 It can be seen in Figure 4 that the light gas gun consists of the following sections:  the 

breech, the pump tube, the high-pressure section, and the launch tube.  The breech has an 8.89 

cm (3.5 in.) inner diameter and is 60.96 cm (2 ft) in length.  It is designed to withstand 50,000 

psi internal pressure, however, during routine testing the pressure is kept lower than 20,000 psi.  

The pump tube has a 6.35 cm (2.5 in.) inner diameter and is 3.048 m (10 ft) long.  The pump 

tube contains pressurized hydrogen in front of a polyethylene piston used to compress the gas.  

The high-pressure section is tapered from the pump tube to the 12.7 mm (0.5 in.) diameter 

barrel.  A metal diaphragm burst disc separates the high-pressure section from the barrel.  The 

barrel has a 12.7 mm (0.5 in.) inner diameter and is 2.59 m (102 in.) long.  The high-pressure 

gases produced in the high-pressure section also have very high temperatures.  This high 
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temperature gas can erode the barrel wall as it flows down the barrel behind the projectile.  This 

is the main reason hydrogen is used in the light gas gun instead of helium.  Due to the basic 

difference in molecular weight and in the ratio of specific heats, hydrogen gas operates at one-

fifth the temperature of helium gas for equivalent performance. [8] 

 Operation of the light gas gun occurs as follows.  The propellant is ignited by 

application of electrical current to an explosive squib.  The piston is then released when the 

pressure generated by the burning propellant reaches a predetermined value.  The propellant 

accelerates the piston from 550 m/sec (1800 ft/sec) to 915 m/sec (3000 ft/sec).  The hydrogen 

gas, loaded into the pump tube before firing, is compressed by the advancing piston.  At a 

predetermined pressure value, the metal burst disc opens in a petaling fashion along grooves 

accurately machined on the disc surface.  The projectile, placed approximately two inches in 

front of the burst disc, is accelerated by the released gas.  For best results, a constant pressure 

on the base of the projectile would be ideal.  However, the pressure behind the projectile has a 

tendency to drop as the projectile accelerates.  To compensate for this normal decrease, the 

pressure in the high-pressure section must be continuously increased.  This is accomplished 

with a taper in the high-pressure section.  As the piston protrudes into the taper, the volume of 

gas gets smaller.  Therefore, a fixed amount of forward movement of the piston is very effective 

in raising the pressure.  The taper has been designed to increase the pressure fast enough to 

compensate for the decrease in pressure due to expansion into the barrel. 
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Test Hardware  

 The test hardware consisted of two items:  the fixture to hold the specimens in place 

during testing and the specimens themselves.  This section will detail how these two items were 

designed and fabricated. 

 

Hypervelocity Test Fixture  

 The original test fixture available at Marshall Space Flight Center for the hypervelocity 

testing consisted of a vise that provided a clamping force along a two-inch span on the bottom 

edge of the specimen.  In previously performed tests, it has been suggested that when the 

specimen is supported in this manner, unwanted vibrations can occur.  It was found that when 

the projectile impacts the specimen a pressure wave ahead of the remaining projectile particles 

causes the top portion of the specimen to vibrate while the bottom portion remains relatively 

stationary in the vise.  To control this vibration, a fixture was designed that can support, on all 

four sides, a variety of differently sized specimens and configurations.  The front and side views 

of this fixture are depicted in Figures 5 and 6.  Figure 7 shows the full test setup with specimens 

in place.  Figure 8 shows a detailed view of the spacer plate and a specimen comprised of an 

outer honeycomb panel, insulation, and inner honeycomb panel.   

 The fixture contains many now standardized features.  On August 23, 1995 a meeting 

was held in Downey, California to discuss, among other items, the standardization of 

hypervelocity testing for TPS.  Participants in this meeting included representatives from 

Rockwell, NASA Marshall, NASA Langley, and NASA Ames.  It was determined that the 

following items would be standard requirements for all hypervelocity tests conducted on TPS 

systems: 
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• Test Sample Size - 6 in. x 6 in. TPS for impact particles less than or equal to 0.25 inches 
• Test Sample Fixture - Entire test fixture must be stiff.  Four-sided clamping is required, 

0.75 in. around edge of specimen.  Knife-edge clamping is acceptable, but not required. 
• Substructure - 0.1 in. Al 2024-T851 of size 10 in. x 10 in. (This represents one orbiter 

substructure; if determined to be suitable, an alternative temper may be acceptable, such 
as -T3, or -T81) 

• Witness Plate - 0.25 in. minimum thickness of Al 2024-T3.  Locate 3.0 in. behind the 
substructure 

• Angle - When number of test is limited, angle of impact should be 0˚, normal to the test 
sample. 

• Impact Velocity - When limited to a single velocity, use 8 km/sec (for a maximum of 
0.25 in. spherical projectile). 

• Projectile - 1100-O Aluminum spheres 
 
All of the above requirements were taken into consideration when designing and fabricating the 

impact fixture. [9] 

 The fixture was designed to be versatile in order to accommodate many different types 

of TPS in different sizes and configurations.  The test fixture, as shown in Figure 5, 

can be adapted to fit various specimen sizes by replacing the front plate.  The front plate is very 

simple to manufacture so that a variety of different size specimens could be tested with very 

little manufacturing costs.  Two front plates were fabricated for these tests, one for 4 in. x 4 in. 

specimen and one for 6 in. x 6 in. specimen.  The fixture also contains a spacer plate.  This 

spacer allows the experimenter to have a second layer of material spaced away from the 

substructure, where the substructure represents the spacecraft wall that is being protected.  TPS 

spacing from the substructure may be different for different configurations of TPS and, 

therefore, it is important to provide a means to accommodate this variable.  The spacer plate is 

also equipped with knife-edge supports on the back side to simply support the substructure.  

The knife-edges are a separate piece and can be easily replaced with flat fillers if the 

experimenter does not feel it is necessary to have the substructure simply supported.  The back 

plate, as labeled in Figure 6, is the main support of the entire fixture and contains the other side 

of the knife-edge supports.  The back plate holds the 10 in. x 10 in. substructure in place and the 

knife-edges, as on the spacer plate, are detachable.  The knife-edges on both the spacer and the 
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back plate are offset 0.75 in. from the specimen edges as specified above.  As can be seen in the 

figure, the back plate has stiff vertical supports that will help to dampen out any vibrations that 

may occur.  The final plate on the fixture is the witness plate holder.  The holder is design to 

hold the 10 in. x 10 in. witness plate in a range of distances from the substructure, but was kept 

at 3.0 in. in these tests as specified by the standardization. 

 

Test Specimens 

 The test specimens for this test series were built up from layers of Inconel and titanium 

honeycomb sandwich materials, titanium multi-wall, fibrous insulation, and titanium foil.  Table 

I contains a description of the different types of honeycomb sandwich materials used.  The first 

column lists a material ID that will be used to identify honeycomb core configurations 

throughout this paper.  The first number in the ID represents the facesheet gauge, in mils, the 

second component is the honeycomb material, where “Inc hc” stands for Inconel honeycomb 

and “Ti hc” stands for titanium honeycomb, and the final component is the honeycomb cell size, 

in inches.   

All Inconel honeycomb specimens except for “5.0 Inc hc 3/16” specimens were 

fabricated by B. F. Goodrich (previously Rohr Industries) as part of a previous effort.  Both “3.0 

Ti hc 3/16” and “14.0 Ti hc 3/16” specimens were also fabricated in a previous effort.  The 

other listed honeycomb specimens were made by B. F. Goodrich specifically for this test series, 

using similar manufacturing techniques.  These techniques, as well as the techniques used to 

make the titanium multiwall specimens, are briefly described in the following paragraphs. 
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Table I.  Honeycomb Sandwich Materials 
 

Material ID Material Facesheet 
Gauge (in)

Core Gauge 
(in)

Core Depth 
(in) Cell Size (in)

2.5 Inc hc 1/4 Inconel 0.0025 0.002 0.28 0.25
5.0 Inc hc 1/4 Inconel 0.005 0.002 0.28 0.25
5.0 Inc hc 3/16 Inconel 0.005 0.0015 0.28 0.1875
10.0 Inc hc 1/4 Inconel 0.01 0.002 0.28 0.25
3.0 Ti hc 3/16 Titanium 0.003 0.0015 0.17 0.1875
5.0 Ti hc 3/16 Titanium 0.005 0.0015 0.28 0.1875
14.0 Ti hc 3/16 Titanium 0.014 0.0015 0.17 0.1875
 
 To fabricate the Inconel honeycomb sandwiches, the square-cell honeycomb core was 

fabricated from 0.002 in. or 0.0015 in. thick corrugated foil ribbons.  The depth of the core was 

0.28 inches.  A braze alloy (1.97B-0.02C-13.13Cr-3.4Fe-Ni balance) was applied to one side of 

each facesheet.  The honeycomb core was placed between the facesheets adjacent to the braze 

and the assembly was placed on a flat reference surface in a vacuum furnace.  Tungsten pellets 

were placed on the assembly to provide contact pressure for the diffusion brazing process.  The 

furnace was evacuated to 10-4 torr and heated to 2150 ˚F.  The assembly was held at this 

temperature for 3 minutes, cooled to 1900 ˚F, and then held at this temperature for 1 hour. 

 The titanium honeycomb sandwich core was manufactured from 0.0015 in. thick 

corrugated foil ribbons.  After being cleaned, the edges of the honeycomb core were plated with 

an alloy to promote Liquid Interface Diffusion (LID). [10]  A more detailed description of the 

fabrication procedure for the Inconel and titanium sandwich panels can be found in Reference 

[7]. 

 The titanium multi-wall specimens were a nine-sheet sandwich structure consisting of an 

upper and lower facesheet, four dimpled sheets, and three septum sheets.  The thicknesses of the 

sheets were 0.004, 0.003, 0.003, and 0.0015 in. for the upper facesheet, lower facesheet, 

dimpled sheets, and septum sheets, respectively, before processing.  The Liquid Interface 

Diffusion (LID) bonding system was used by Rohr to join the dimpled sheets to the flat sheets.  
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The dimpled sheets were superplastically formed, using the same process parameters reported in 

References [2,3].  The skins and septum sheets were square sheared, and then process cleaned.  

The dimpled sheets were plated on each node and when put in contact with each other and 

heated to approximately 1214˚ K (1725˚ F), the plating material melts creating a short time 

eutectic with the titanium.  While holding at this temperature for a specified time the plating 

material is completely diffused into the titanium creating a bond at all plated interfaces. [1]  The 

finished titanium multi-wall sandwich thickness was 0.68 inches. 

 SaffilTM fibrous insulation was used to represent the TPS insulation layer.  Saffil is an 

alumina-based fiber that can be used at temperatures in excess of 2900 °F.  In general, 2.0 in. of 

insulation was used.  However, several tests varied the insulation thickness from 1.5 in. to 3.0 

in.  Ti-multiwall TPS did not use fibrous insulation.  The density of Saffil varies depending on 

how tightly it is packed into the TPS panel.  Unfortunately, the insulation weight was not 

measured prior to testing, however subsequent weight measurements of likely packing densities 

suggest that the Saffil density was between 7.35 E-4 and 9.5 E-4 lb/in3. 

 Many metallic TPS configurations make use of a titanium foil on the back of the fibrous 

insulation layer.  In this work, a 0.003 in. titanium foil was used, and will be referred to as “3.0 

Ti foil”. 

 All of the sandwich specimens used in this testing were cut into their respective sizes 

from the larger fabricated pieces at the LaRC machine shop using a wet diamond saw.  Table II 

is the test matrix describing how the different types of materials were combined to make a TPS 

specimen.  Table II will be discussed in detail in the next section. 

 

Test Procedure  

 A test matrix was developed to efficiently use the available honeycomb sandwich 

material to characterize the response of metallic TPS to hypervelocity impact.  Table II is the 
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test matrix that was used in this test series.  The first column is the test number and the second 

column is the size of the specimen.  The third, fourth and fifth columns describe the outer-panel 

of the specimen, the insulation thickness and the inner-panel of the specimen respectively, 

where the ids defined in Table I are used to identify honeycomb sandwich configurations.  The 

sixth and seventh columns describe the projectile diameter and impact velocity.  Finally, the last 

column is the specimen weight, which is the combined weight of the outer-panel and the inner-

panel, but does not include insulation or substructure weight.  For several specimens the weight 

was not determined.  The dependent variables in the test series were measures of damage to the 

specimen, to be described subsequently. 

 All tests were performed with an 1100-O aluminum sphere near 7 km/sec.  The 

projectile diameters used were 0.125 in., 0.187 in., and 0.25 inches.  The substructure for each 

test was 0.1 in. thick 2024-T81 aluminum plates of 10 in. x 10 in. size and the witness plate was 

a 10 in. x 10 in. 2024-T3 aluminum plate 0.25 in. thick.  As shown in Figure 8, all tests were 

performed with a 0.09” spacing between the back face of the inner-panel, or outer-panel in the 

case of titanium multiwall specimens, and the front face of the substructure.   

 Test numbers 1-9 will give insight into how changing the thickness of the Inconel 

facesheet will effect penetration and hole size parameters.  The same honeycomb cell size was 

used while varying outer-panel facesheet gauge and projectile diameter.  Test numbers 3 and 5 

resulted in bad shots that did not yield usable data.  To replace shot number 5, specimen number 

6 was shot with the 0.187 in. diameter projectile instead of the 0.25 in. diameter projectile as 

originally planned.   

 Test numbers 10-12 were conducted to determine the effect of honeycomb cell size on 

substructure damage.  The test parameters are identical to tests 4 and 6, however the outer-panel 

honeycomb cell size is changed from 0.25 in. to 0.1875 in. 
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 Test numbers 13-21 used titanium honeycomb sandwiches as the outer-panel instead of 

Inconel.  The three titanium honeycomb sandwich configurations defined in Table I were 

impacted with a range of projectile diameters.  Test number 13 resulted in a bad shot that did 

not provide useful results.  This test was repeated in test 15 with a 0.125 in. diameter projectile 

but the projectile velocity was not determined. 

Tests 22-24 were performed incorrectly and will not be described further.  Tests 25-27 

maintained a constant facesheet thickness of Inconel honeycomb in the outer panel and used 

titanium honeycomb with varying facesheet thicknesses as the inner panel.  The same projectile 

was used in these three tests.  Shot numbers 28-30 were performed on titanium multi-wall 

samples with varied diameter projectiles.  Finally tests 31-33 were performed to replace tests 

22-24.  The purpose of these tests was to determine the influence of insulation thickness on 

substructure damage. 
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Table II.  Hypervelocity Test Matrix 

 
Hypervelocity Impact Test Matrix

1100-O Al Projectile
2024-T81  0.1" Substruture

Specimen 
Number

Specimen 
Size Outer Panel Ins. Thick 

(in) Inner Panel Proj. Dia. 
(in)

Proj. Vel. 
(km/s)

Specimen 
Weight (g)

1 4 in. x 4 in. 2.5 Inc hc 1/4 2.0 3.0 Ti foil 0.125 7.5 28
2 6 in. x 6 in. 2.5 Inc hc 1/4 2.0 3.0 Ti foil 0.187 7.4 60
3 6 in. x 6 in. 2.5 Inc hc 1/4 2.0 3.0 Ti foil 0.25 Bad Shot 62
4 4 in. x 4 in. 5.0 Inc hc 1/4 2.0 3.0 Ti foil 0.125 7.3 30
5 6 in. x 6 in. 5.0 Inc hc 1/4 2.0 3.0 Ti foil 0.187 Bad Shot 79
6 6 in. x 6 in. 5.0 Inc hc 1/4 2.0 3.0 Ti foil 0.187 7.5 80
7 4 in. x 4 in. 10.0 Inc hc 1/4 2.0 3.0 Ti foil 0.125 7.6 60
8 6 in. x 6 in. 10.0 Inc hc 1/4 2.0 3.0 Ti foil 0.187 7.9 125
9 6 in. x 6 in. 10.0 Inc hc 1/4 2.0 3.0 Ti foil 0.25 7.2 120

10 4 in. x 4 in. 5.0 Inc hc 3/16 2.0 3.0 Ti foil 0.125 7.3 30
11 6 in. x 6 in. 5.0 Inc hc 3/16 2.0 3.0 Ti foil 0.187 7.4 88
12 6 in. x 6 in. 5.0 Inc hc 3/16 2.0 3.0 Ti foil 0.25 7.4 85
13 4 in. x 4 in. 3.0 Ti hc 3/16 2.0 3.0 Ti foil 0.125 Bad Shot ?
14 6 in. x 6 in. 3.0 Ti hc 3/16 2.0 3.0 Ti foil 0.187 7.5 24
15 6 in. x 6 in. 3.0 Ti hc 3/16 2.0 3.0 Ti foil 0.125 ? 28
16 4 in. x 4 in. 5.0 Ti hc 3/16 2.0 3.0 Ti foil 0.125 7.6 ?
17 6 in. x 6 in. 5.0 Ti hc 3/16 2.0 3.0 Ti foil 0.187 7.1 40
18 6 in. x 6 in. 5.0 Ti hc 3/16 2.0 3.0 Ti foil 0.25 7.4 38
19 4 in. x 4 in. 14.0 Ti hc 3/16 2.0 3.0 Ti foil 0.125 7.8 40
20 6 in. x 6 in. 14.0 Ti hc 3/16 2.0 3.0 Ti foil 0.187 7.6 68
21 6 in. x 6 in. 14.0 Ti hc 3/16 2.0 3.0 Ti foil 0.25 7.6 65
22 4 in. x 4 in. 5.0 Inc hc 1/4 1.5 3.0 Ti foil 0.125 Bad Test 30
23 4 in. x 4 in. 5.0 Inc hc 1/4 2.5 3.0 Ti foil 0.125 Bad Test 35
24 4 in. x 4 in. 5.0 Inc hc 1/4 3.0 3.0 Ti foil 0.125 Bad Test 31
25 4 in. x 4 in. 5.0 Inc hc 3/16 2.0 3.0 Ti hc 3/16 0.125 ? 50
26 4 in. x 4 in. 5.0 Inc hc 3/16 2.0 5.0 Ti hc 3/16 0.125 7.0 51
27 4 in. x 4 in. 5.0 Inc hc 3/16 2.0 14.0 Ti hc 3/16 0.125 7.1 68
28 4 in. x 4 in. Ti Multiwall n/a n/a 0.125 7.0 30
29 4 in. x 4 in. Ti Multiwall n/a n/a 0.187 7.1 31
30 4 in. x 4 in. Ti Multiwall n/a n/a 0.25 ? 29
31 4 in. x 4 in. 5.0 Inc hc 3/16 1.5 3.0 Ti foil 0.125 7 ?
32 4 in. x 4 in. 5.0 Inc hc 3/16 2.5 3.0 Ti foil 0.125 Bad Shot ?
33 4 in. x 4 in. 5.0 Inc hc 3/16 3.0 3.0 Ti foil 0.125 7.1 ?
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Results  
 
 The NASA Marshall facility successfully completed 26 of the 33 hypervelocity tests 

planned for this test series.  The description of the damage and photos of the specimens are 

provided in Appendix A.  The top portion of each page contains the test number and a 

description of the projectile diameter, projectile velocity, and the specimen.  The top rows of 

photos are the front faces of the outer panel, inner panel and substructure with the description of 

the damage printed below the photo.  The insulation is not pictured because in most cases it was 

torn into many pieces and a hole size could not be determined.  The second rows of photos are 

the back faces of the outer panel, inner panel and substructure specimens with a damage 

description printed below the photo.  As can be seen from the photos and the descriptions, 

except for test 27, all projectiles penetrated through the outer panel and inner panel with 

significant amounts of damage.  Sandwich panel holes were larger on the back surface than on 

the front surface due to the debris cloud expanding during penetration. 

 Three methods were used to examine the impacted specimens:  Penetration / no 

penetration, substructure hole area, and substructure damage characteristics.  The key findings 

using each method will be described.  The following discussion section will explain the 

significance of these findings. 

  

 Penetration / No Penetration 

 Table III lists substructure penetration results for the various TPS configurations tested.  

The honeycomb ids defined in Table I are used to specify outer-panel and inner-panel 

parameters.  The “Total Areal Density” reported is based on experimental measurements 

excluding the aluminum substructure, and is explained in the subsequent section.  The average 

value of Total Areal Density is reported for rows containing multiple specimens.  Under the 
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“Projectile Diameter” heading, penetration results are listed for the three projectile diameters 

tested.  The symbol “X” is used to denote no penetration, “O” to represent penetration, and “-“ 

to represent an untested projectile size.  Penetration is defined herein as a visible hole.  

Examining specimens 1 through 12, it can be seen that all specimens with an Inconel outer-

panel were capable of stopping 1/8 in. projectiles.  Penetration occurred with all tests using 3/16 

in. or ¼ in. projectile sizes.  It is impossible to determine the influence of Inconel outer-panel 

facesheet gauge or cell size on the level of protection provided to the substructure based solely 

on the available penetration / no penetration data.   

 

Table III.  Substructure Penetration Data 

(X:  No penetration, O:  Penetration, -:  Untested) 

TPS Configuration Projectile Diameter

Specimen 
Numbers Outer Panel

Insulation 
Thickness 

(in)
Inner Panel

Total Areal 
Density 
(lb/in^2)

1/8 in. 3/16 
in. 1/4 in.

1,2 2.5 Inc hc 1/4 2.0 3.0 Ti foil 0.0057 X O -
4,6 5.0 Inc hc 1/4 2.0 3.0 Ti foil 0.0064 X O -
7-9 10.0 Inc hc 1/4 2.0 3.0 Ti foil 0.0097 X O O

10-12 5.0 Inc hc 3/16 2.0 3.0 Ti foil 0.0068 X O O
14,15 3.0 Ti hc 3/16 2.0 3.0 Ti foil 0.0035 O O -
16-18 5.0 Ti hc 3/16 2.0 3.0 Ti foil 0.0043 O O O
19-21 14.0 Ti hc 3/16 2.0 3.0 Ti foil 0.0065 X O O

25 5.0 Inc hc 3/16 2.0 3.0 Ti hc 3/16 0.0088 X - -
26 5.0 Inc hc 3/16 2.0 5.0 Ti hc 3/16 0.0089 X - -
27 5.0 Inc hc 3/16 2.0 14.0 Ti hc 3/16 0.0113 X - -

28-30 Ti Multiwall n/a n/a 0.0041 X O O
31 5.0 Inc hc 3/16 1.5 3.0 Ti foil 0.0056 X - -
33 5.0 Inc hc 3/16 3.0 3.0 Ti foil 0.007 X - -

 

 Tests 14 through 21 used titanium outer-panels in place of Inconel.  The 1/8 in. 

projectiles penetrated the substructure of all specimens except the “14.0 Ti hc 3/16” outer-panel 

TPS, and all larger diameter projectiles resulted in substructure penetration.  Based on this data, 

it is clear that the “14.0 Ti hc 3/16” outer-panel TPS offers improved protection compared to the 

thinner gauge titanium honeycomb sandwich outer-panel TPS.  Comparing Inconel and titanium 
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honeycomb sandwich outer-panel TPS with similar facesheet gauges, such as “2.5 Inc hc ¼” 

panels to “3.0 Ti hc 3/16” panels or “5.0 Inc hc ¼” and “5.0 Inc hc 3/16” panels to “5.0 Ti hc 

3/16” panels” it can be seen that for a given facesheet thickness Inconel honeycomb sandwich 

outer-panel TPS provides better protection than titanium honeycomb sandwich outer-panel TPS.  

However, the titanium TPS is significantly lighter.  From the available penetration / no 

penetration data it is impossible to determine whether the titanium or Inconel TPS provide 

better protection to the substructure at comparable total areal densities. 

 In the tests described thus far, the TPS configuration consisted of an outer honeycomb 

sandwich panel, an insulation layer, and an inner titanium foil layer.  Tests 25 through 27 used 

titanium honeycomb sandwich panels in place of the inner titanium foil layer.  The outer-panel 

consisted of “5.0 Inc hc 3/16” panels.  The facesheet gauge of the inner-panel was increased in 

each successive test.  All tests in this series were conducted with 1/8 in. projectiles, none of 

which resulted in substructure penetration.  There was no significant substructure surface 

damage in any of these tests, and the “14.0 Ti hc 3/16” inner-panel contained the impact debris 

without penetration of the inner facesheet. 

 Tests 28 through 30 tested the titanium multiwall TPS.  The multiwall TPS contained no 

fibrous insulation layer or inner-panel, and the spacing between the inner surface of the titanium 

multiwall and the substructure was only 0.09 inches.  Substructure penetration did not occur for 

the 1/8 in. projectile, but all larger particles resulted in penetration.  Comparing the titanium 

multiwall TPS penetration data to titanium honeycomb sandwich outer-panel TPS penetration 

data of similar weight (“5.0 Ti hc 3/16”), it is clear that the multiwall TPS provides better 

protection to the substructure.  This is surprising considering the fact that the titanium multiwall 

TPS has a considerably smaller standoff (0.77 in.) than the “5.0 Ti hc 3/16” TPS (2.37 in.), 

which limits the amount of time for the debris cloud to expand prior to substructure impact.  
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However, titanium multiwall is not as efficient as an insulator, resulting in significantly heavier 

TPS designs for most RLV reentry vehicle trajectories of interest. [11] 

Finally, tests 31 through 33 were used to determine the influence of varying the 

insulation layer thickness.  The same configuration of outer and inner-panels was used as in 

tests 10 through 12, however the thickness of insulation was varied between 1.5 and 3.0 inches.  

Tests were performed with 1/8 in. particles, none of which resulted in substructure penetration.   

 Examination of penetration data was useful in determining the range of projectile sizes 

over which different TPS configurations were capable of protecting the substructure.  

Presenting this in tabular format, as in Table III is also useful for identifying where future 

testing would be beneficial.  In tests with Inconel honeycomb sandwich outer-panels (tests 1 

through 12) testing with projectile diameters in between 1/8 in. and 3/16 in. would be useful in 

determining the influence of outer-panel facesheet thickness and honeycomb cell size on 

substructure penetration.  With the lighter weight titanium outer-panels (tests 14 through 21) 

testing with projectile diameters under 1/8 in. would be useful for the “3.0 Ti hc 3/16” and “5.0 

Ti hc 3/16” outer-panel TPS configurations, and testing with projectile diameters between 1/8 

in. and 3/16 in. would be useful for the “14.0 Ti hc 3/16” outer-panel TPS configuration.  It 

would be very useful to test with projectile diameters larger than 1/8 in. using the TPS 

configurations from tests 25 through 27 and 31 through 33. 

 

 Substructure Hole Area 

 To gain a better understanding of the influence of various TPS parameters in protecting 

the substructure, it was decided to examine the substructure hole area versus the areal density of 

the various TPS specimens. Table IV shows the calculation of TPS specimen nominal weights, 

excluding braze weight.  In these calculations, honeycomb was assumed to be 1.6% the density 

of the bulk material.  Unfortunately, no measurements were made of the insulation weight used 
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in the experiments.  A subsequent measurement revealed an estimated density range between 

7.35E-4 and 9.5E-4 lb/in3.  For this reason an upper bound and lower bound are listed in Table 

IV.  Substructure weight is not included in the calculation of areal density. 

 Specimen weights without insulation were measured prior to testing, and are reported in 

Table II.  These were used, along with the estimated insulation density to calculate the 

measured areal density for each specimen.  The measured areal densities are compared with the 

calculated areal densities in Table V.  “Structural areal density” refers to the TPS specimen 

without insulation.  “Total areal density, lower bound” refers to areal density calculated using 

the lower bound estimate for insulation density, and “total areal density, upper bound” refers to 

areal density calculated using the upper bound estimate for insulation density.  Weight 

measurements were not obtained for several specimens.  For these specimens, weights were 

estimated based on other specimens with similar configurations.  There is a surprising variation 

of measured areal densities for specimens that are nominally the same.  For example, structural 

areal densities for specimens 10 through 12 and 19 through 21 vary by 32% and 38%, 

respectively.  This degree of variation is surprisingly large for specimens cut from the same 

panel, and is not fully understood.  The degree of variation for other specimens is smaller.  In 

the discussion to follow, the measured “total areal density, upper bound” will be used since it 

should represent a good estimate of the actual specimen areal density.  Using calculated or 

lower bound values was found to lead to the same interpretation of the results. 

 To quantify the amount of substructure damage, the area of the hole formed in the 

aluminum substructure, or the combined area when multiple holes were present, was used as a 

damage parameter.  The last column in Table V reports the measured substructure hole areas for 

the TPS specimens tested. 
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Table IV.  Calculation of TPS Areal Density 

(Units:  lb/in2) 

Outer 
Panel Insulation Inner Panel TOTAL

Specimen 
Number

Outer 
Facesheet H/C Inner 

Facesheet
Lower 
Bound

Upper 
Bound

Outer 
Facesheet H/C Inner 

Facesheet Structural
Structural + 
Insulation, 

Lower Bound

Structural + 
Insulation, 

Upper Bound
1 0.00076 0.00135 0.00076 0.00147 0.00190 0.00048 0.00000 0.00000 0.00334 0.0048 0.0052
2 0.00076 0.00135 0.00076 0.00147 0.00190 0.00048 0.00000 0.00000 0.00334 0.0048 0.0052
3 0.00076 0.00135 0.00076 0.00147 0.00190 0.00048 0.00000 0.00000 0.00334 0.0048 0.0052
4 0.00151 0.00135 0.00151 0.00147 0.00190 0.00048 0.00000 0.00000 0.00485 0.0063 0.0067
5 0.00151 0.00135 0.00151 0.00147 0.00190 0.00048 0.00000 0.00000 0.00485 0.0063 0.0067
6 0.00151 0.00135 0.00151 0.00147 0.00190 0.00048 0.00000 0.00000 0.00485 0.0063 0.0067
7 0.00302 0.00135 0.00302 0.00147 0.00190 0.00048 0.00000 0.00000 0.00787 0.0093 0.0098
8 0.00302 0.00135 0.00302 0.00147 0.00190 0.00048 0.00000 0.00000 0.00787 0.0093 0.0098
9 0.00302 0.00135 0.00302 0.00147 0.00190 0.00048 0.00000 0.00000 0.00787 0.0093 0.0098

10 0.00151 0.00135 0.00151 0.00147 0.00190 0.00048 0.00000 0.00000 0.00485 0.0063 0.0067
11 0.00151 0.00135 0.00151 0.00147 0.00190 0.00048 0.00000 0.00000 0.00485 0.0063 0.0067
12 0.00151 0.00135 0.00151 0.00147 0.00190 0.00048 0.00000 0.00000 0.00485 0.0063 0.0067
13 0.00048 0.00044 0.00048 0.00147 0.00190 0.00048 0.00000 0.00000 0.00188 0.0033 0.0038
14 0.00048 0.00044 0.00048 0.00147 0.00190 0.00048 0.00000 0.00000 0.00188 0.0033 0.0038
15 0.00048 0.00044 0.00048 0.00147 0.00190 0.00048 0.00000 0.00000 0.00188 0.0033 0.0038
16 0.00080 0.00072 0.00080 0.00147 0.00190 0.00048 0.00000 0.00000 0.00280 0.0043 0.0047
17 0.00080 0.00072 0.00080 0.00147 0.00190 0.00048 0.00000 0.00000 0.00280 0.0043 0.0047
18 0.00080 0.00072 0.00080 0.00147 0.00190 0.00048 0.00000 0.00000 0.00280 0.0043 0.0047
19 0.00224 0.00044 0.00224 0.00147 0.00190 0.00048 0.00000 0.00000 0.00540 0.0069 0.0073
20 0.00224 0.00044 0.00224 0.00147 0.00190 0.00048 0.00000 0.00000 0.00540 0.0069 0.0073
21 0.00224 0.00044 0.00224 0.00147 0.00190 0.00048 0.00000 0.00000 0.00540 0.0069 0.0073
25 0.00151 0.00135 0.00151 0.00147 0.00190 0.00048 0.00044 0.00048 0.00577 0.0072 0.0077
26 0.00151 0.00135 0.00151 0.00147 0.00190 0.00080 0.00072 0.00080 0.00669 0.0082 0.0086
27 0.00151 0.00135 0.00151 0.00147 0.00190 0.00224 0.00044 0.00224 0.00929 0.0108 0.0112
31 0.00151 0.00135 0.00151 0.00110 0.00143 0.00048 0.00000 0.00000 0.00485 0.0060 0.0063
32 0.00151 0.00135 0.00151 0.00184 0.00238 0.00048 0.00000 0.00000 0.00485 0.0067 0.0072
33 0.00151 0.00135 0.00151 0.00221 0.00285 0.00048 0.00000 0.00000 0.00485 0.0071 0.0077  
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Table V.  Comparison of Substructure Hole Area vs. Calculated and Measured TPS Areal Density 

Test Parameters Calculated Measured Results

Specimen 
Number Outer Panel

Insulation 
Thickness 

(in)
Inner Panel

Projectile 
Diameter 

(in)

Structural 
Areal Density 

(lb/in^2)

Total Areal 
Density, Lower 
Bound (lb/in^2)

Total Areal 
Density, Upper 
Bound (lb/in^2)

Structural 
Areal Density 

(lb/in^2)

Total Areal 
Density, Lower 
Bound (lb/in^2)

Total Areal 
Density, Upper 
Bound (lb/in^2)

Substructure 
Hole Area 

(in2)

1 2.5 Inc hc 1/4 2.0 3.0 Ti foil 0.125 0.0033 0.0048 0.0052 0.0039 0.0053 0.0058 0
2 2.5 Inc hc 1/4 2.0 3.0 Ti foil 0.188 0.0033 0.0048 0.0052 0.0037 0.0051 0.0056 0.028
4 5.0 Inc hc 1/4 2.0 3.0 Ti foil 0.125 0.0048 0.0063 0.0067 0.0041 0.0056 0.0060 0
6 5.0 Inc hc 1/4 2.0 3.0 Ti foil 0.188 0.0048 0.0063 0.0067 0.0049 0.0064 0.0068 0.0007
7 10.0 Inc hc 1/4 2.0 3.0 Ti foil 0.125 0.0079 0.0093 0.0098 0.0083 0.0097 0.0102 0
8 10.0 Inc hc 1/4 2.0 3.0 Ti foil 0.188 0.0079 0.0093 0.0098 0.0077 0.0091 0.0096 0.00023
9 10.0 Inc hc 1/4 2.0 3.0 Ti foil 0.250 0.0079 0.0093 0.0098 0.0073 0.0088 0.0092 0.435

10 5.0 Inc hc 3/16 2.0 3.0 Ti foil 0.125 0.0048 0.0063 0.0067 0.0041 0.0056 0.0060 0
11 5.0 Inc hc 3/16 2.0 3.0 Ti foil 0.188 0.0048 0.0063 0.0067 0.0054 0.0069 0.0073 0.00196
12 5.0 Inc hc 3/16 2.0 3.0 Ti foil 0.250 0.0048 0.0063 0.0067 0.0052 0.0067 0.0071 0.51
14 3.0 Ti hc 3/16 2.0 3.0 Ti foil 0.188 0.0019 0.0033 0.0038 0.0015 0.0029 0.0034 0.14
15 3.0 Ti hc 3/16 2.0 3.0 Ti foil 0.125 0.0019 0.0033 0.0038 0.0017 0.0032 0.0036 0.0037
16 5.0 Ti hc 3/16 2.0 3.0 Ti foil 0.125 0.0028 0.0043 0.0047 0.0024 0.0039 0.0043 0.0017
17 5.0 Ti hc 3/16 2.0 3.0 Ti foil 0.188 0.0028 0.0043 0.0047 0.0024 0.0039 0.0043 0.066
18 5.0 Ti hc 3/16 2.0 3.0 Ti foil 0.250 0.0028 0.0043 0.0047 0.0023 0.0038 0.0042 1.75
19 14.0 Ti hc 3/16 2.0 3.0 Ti foil 0.125 0.0054 0.0069 0.0073 0.0055 0.0070 0.0074 0
20 14.0 Ti hc 3/16 2.0 3.0 Ti foil 0.188 0.0054 0.0069 0.0073 0.0042 0.0056 0.0061 0.00023
21 14.0 Ti hc 3/16 2.0 3.0 Ti foil 0.250 0.0054 0.0069 0.0073 0.0040 0.0055 0.0059 1.66
25 5.0 Inc hc 3/16 2.0 3.0 Ti hc 3/16 0.125 0.0058 0.0072 0.0077 0.0069 0.0084 0.0088 0
26 5.0 Inc hc 3/16 2.0 5.0 Ti hc 3/16 0.125 0.0067 0.0082 0.0086 0.0070 0.0085 0.0089 0
27 5.0 Inc hc 3/16 2.0 14.0 Ti hc 3/16 0.125 0.0093 0.0108 0.0112 0.0094 0.0108 0.0113 0
28 Ti Multiwall n/a n/a 0.125 0.0041 0.0041 0.0041 0.0041 0.0041 0.0041 0
29 Ti Multiwall n/a n/a 0.188 0.0041 0.0041 0.0041 0.0043 0.0043 0.0043 0.0133
30 Ti Multiwall n/a n/a 0.250 0.0041 0.0041 0.0041 0.0040 0.0040 0.0040 0.75
31 5.0 Inc hc 3/16 1.5 3.0 Ti foil 0.125 0.0048 0.0060 0.0063 0.0041 0.0052 0.0056 0
33 5.0 Inc hc 3/16 3.0 3.0 Ti foil 0.125 0.0048 0.0071 0.0077 0.0041 0.0063 0.0070 0
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 The substructure hole area is plotted versus the measured “total areal density, upper 

bound” for four configurations of TPS specimen in Figure 9.  The test series are “Inc hc 3/16” 

outer-panels (tests 1-9, circles), “Inc hc 3/16” outer-panels (tests 10-12, boxes), “Ti hc 3/16” 

outer-panels (tests 14-21, diamonds), and titanium multiwall outer-panels (tests 28-30, X’s).  

Note that in Figure 9 only the outer-panel is specified, but that areal density for the entire TPS 

specimen, consisting of an outer-panel, insulation, and inner-panel, is implied.  For simplicity, 

this convention will be used throughout the remaining discussion.  In Figure 9, circles, boxes, 

diamonds, and X’s denote the four configurations, respectively.  These symbols are used 

consistently in the figures to follow.  Symbol size is varied to represent the size of the projectile, 

with the smallest symbol used to represent 1/8 in. projectiles and the largest symbol used to 

represent ¼ in. projectiles.  Examination of Figure 9 reveals that ¼ in. projectiles produced 

significantly larger holes in the substructure than the smaller projectiles tested.  Hole areas for 

¼ in. projectiles range from on the order of 0.5 in2 for TPS specimens using Inconel outer-

panels to 1.75 in2 for specimens using titanium honeycomb sandwich outer-panels.  Although 

both “Ti hc 3/16” outer-panel TPS specimens tested were lower areal density than the “Inc hc 

¼” and “Inc hc 3/16” outer-panel TPS specimens, it appears likely that for equivalent areal 

density TPS, using Inconel honeycomb sandwich outer-panels in place of titanium honeycomb 

sandwich outer-panels will reduce the substructure hole size. Impact of the “Ti multiwall” TPS 

specimen with a ¼ in. projectile produced a 0.75 in2 substructure hole area, significantly lower 

than the hole area for the comparable areal density “5.0 Ti hc 3/16” outer-panel TPS specimen.  

It is unclear from the data how the “Ti multiwall” TPS compares to the “Inc hc 1/4” and “Inc hc 

3/16” outer-panel TPS when impacted with ¼ in. projectiles, since there is no test data at 

comparable areal densities. 

 Figure 10 focuses on the 3/16 in. projectile impacts and expands the scale used for 

substructure hole area in the previous figure.  Note that all 3/16 in. projectiles resulted in 
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substructure penetration (Table III), however due to the wide range of substructure hole size 

several of the hole areas listed in Figure 10 appear to be no penetration when they are actually 

pin-hole sized penetrations.  For 3/16 in. projectiles, the substructure hole size did not appear to 

be significantly influenced by variation of the honeycomb cell size between “Inc hc ¼” and “Inc 

hc 3/16” outer-panels.  Comparison of data from “Ti hc 3/16” and “Inc hc ¼” outer-panel TPS 

configurations reveal that the material of the outer-panel does not significantly influence results 

with 3/16 in. projectiles near the limit of substructure zero hole size.  Finally, impact of the “Ti 

Multiwall” specimen generated smaller substructure holes than impact of the “Ti hc 3/16” 

outer-panel specimen of comparable areal density, and it is reasonable to hypothesize that tests 

for an “Inc hc ¼” outer-panel specimen of comparable areal density would result in larger hole 

sizes than the “Ti Multiwall” specimen. 

 Figure 11 shows the substructure hole area of TPS specimens impacted with 1/8 in. 

particles, further expanding the scale for substructure hole area from the previous slides.  

Impact of “3.0 Ti hc 3/16” and “5.0 Ti hc 3/16” outer-panel specimens resulted in substructure 

penetration.  All other impacts with 1/8 in. particles resulted in no penetration.  Note that the 

trend line drawn for “Ti hc 3/16” outer-panel specimens can be misleading, since it implies that 

penetration occurs for this TPS configuration at areal densities under 0.0074 lb/in2 when in fact 

penetration is likely to occur somewhere between 0.0043 and 0.0074 lb/in2.  Therefore, a 

comparison between “Inc hc ¼” and “Ti hc 3/16” outer-panel specimens can not be made, since 

it is not clear what the largest areal density is, for either configuration, that allows penetration of 

the substructure. However, a comparison can be made between the “Ti Multiwall” specimen 

and the “Ti hc 3/16” specimen.  At comparable areal densities, the “Ti hc 3/16” outer-panel 

specimen allows substructure penetration, where the “Ti Multiwall” specimen does not. 
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 Substructure Damage Characteristics 

 In addition to the measurement of hole areas, the substructure damage was examined 

qualitatively to gain an understanding of the damage mechanisms present.  Table VI is a 

summary of the qualitative damage characteristics that were discernable in each test.  Most tests 

resulted in a varying degree of cratering on the surface of the substructure, due to solid 

fragments in the impact debris.  Fragment holes were created when solid fragments with enough 

energy to penetrate individually, or by multiple impacts in the same area, denoted “Fragment 

Impact Overlap” in Table VI, were present. 

 Substructure bulging resulted mainly in tests with ¼ in. projectiles, however impact with 

a 3/16 in. projectile on a TPS specimen using an “5.0 Ti hc 3/16” outer layer also produced a 

visible substructure bulge.  Substructure bulging resulted from extensive transfer of momentum 

from the impact debris to the substructure, resulting in deformation of the substructure.  In all 

cases where this phenomenon was observed, penetration of the substructure resulted.  It is 

interesting to note that the only test with a ¼ in. projectile that did not result in substructure 

bulging was the test performed on the “Ti Multiwall” specimen.  Substructure tearing was 

observed in all tests where substructure bulging occurred except in test number 17, which used 

a 3/16 in. projectile.  The longest substructure tear was observed in specimen 21, and was 1.1 

in. in length. 

 Normal impacts on typical Whipple shields tend to produce symmetrical debris clouds.  

However, several impact tests with TPS specimens produced distinct damage zones in the 

substructure.  It is hypothesized that this is due to the honeycomb layer splitting the debris 

cloud flow when the projectile impact zone is oriented over a cell wall or cell wall junction.  

The distinct damage zones may also be due to breakup of the projectile prior to impact with the 

specimen, a phenomena common in hypervelocity impact testing. 
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 A 0.2 x 0.05 in. titanium foil fragment was found adhered to the surface of the aluminum 

substructure in test 1.  Since test 1 used an Inconel outer-panel, the titanium fragment was a part 

of the inner-panel that was propelled by the impact debris toward the substructure.  As was 

mentioned earlier, evidence of cratering due to solid fragments was also found on many 

specimens.  Many tests also left molten deposits on the substructure.  Taking this data together 

it is clear that the impact debris consisted of small solid fragments, molten debris, and in some 

cases lower velocity fragments from the TPS.  In addition, a blue or purple discoloring was 

noticed on most of the substructure surfaces.  It is possible that this was due to exposure to hot 

gases in the impact debris, or perhaps oxidation after testing. 

 In addition to the characteristics noted above, black deposits covered portions of the 

substructure in many tests.  These deposits were formed from remaining particles of the sabot or 

explosive squib that were not deflected.  Adequate deflection of the sabot was a problem with 

many of the tests performed, and in some cases resulted in damage to the TPS and possibly the 

substructure. 
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Table VI.  Substructure Damage Characteristics 

Specimen 
Number Cratering Fragment 

Holes

Fragment 
Impact 
Overlap

Substructure 
Bulge

Substructure 
Tearing

Distinct 
Damage 
Zones

Solid Foil 
Fragment

Molten 
Deposit

Blue/ Purple 
Discoloring

1 Yes Yes Yes
2 Yes Yes Yes Yes Yes
4 Yes Yes Yes Yes
6 Yes Yes Yes Yes Yes
7 Yes Yes Yes
8 Yes Yes Yes Yes
9 Yes Yes Yes Yes Yes Yes
10 Yes Yes Yes Yes
11 Yes Yes Yes
12 Yes Yes Yes Yes Yes Yes Yes
14 Yes Yes Yes Yes Yes
15 Yes Yes Yes Yes
16 Yes Yes Yes Yes Yes
17 Yes Yes Yes Yes
18 Yes Yes Yes Yes
19 Yes Yes
20 Yes Yes Yes
21 Yes Yes Yes Yes Yes Yes Yes
25 Yes
26 Yes
27
28 Yes Yes
29 Yes Yes Yes Yes Yes
30 Yes Yes Yes Yes Yes
31 Yes
33 Yes Yes
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Discussion 

 The findings reported in the previous section, when taken together, give some insight 

into the effect of various TPS parameters on the degree of hypervelocity impact protection 

provided to the substructure.  This section will discuss the effect of using titanium versus 

Inconel honeycomb sandwich outer-panel TPS, the influence of outer-panel facesheet gauge, 

the effect of outer-panel honeycomb cell size, and the impact behavior of Ti multiwall TPS 

versus the honeycomb outer-panel TPS.  In addition, the limitations of using substructure hole 

size as a damage parameter will be discussed. 

 

 Comparison of Inconel and titanium TPS 

  Based on penetration of the substructure (Table III), it was seen that for a given 

honeycomb sandwich outer-panel facesheet gauge Inconel panels provided better protection to 

the substructure than titanium panels.  This result is to be expected, since Inconel is denser than 

titanium.  However, most aerospace designs will be weight driven.  If instead the substructure 

hole areas are compared versus TPS areal density (Table V), it is not clear which material 

provides the best substructure impact protection.  Tests with 3/16 in. projectiles result in similar 

substructure hole sizes.  Tests with 1/8 in. projectiles were inconclusive.  Interestingly, tests 

with ¼ in. projectiles produced larger substructure holes in the titanium TPS specimens than 

they did in Inconel TPS specimens of similar areal density.  It is not clear why the hole sizes 

were equivalent for 3/16 in. projectiles and different for ¼ in. projectiles.  This may be due to 

mechanisms occurring during the ¼ in. impacts that are not present in the 3/16 in. impacts, such 

as an increased interaction with the honeycomb or a different projectile breakup behavior due to 

the different wall thickness to projectile diameter ratio.  However, the impact process is highly 

nonlinear, and with the limited data available these hypotheses should be considered 

speculation.   
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 At this point, it should also be noted that the use of substructure hole size as an indicator 

of the impact shield effectiveness could be misleading.  The rationale for this argument is 

shown graphically in Figure 12, where conceptual drawings of three different impact cases are 

shown.  The first case, labeled “No Bumper” represents impact on an unprotected structure.  

The “Thin Bumper” case represents impact with a bumper / substructure system where the 

bumper is too thin to provide adequate protection, and the “Thick Bumper” case represents a 

shielding system that successfully protects against the impact.  As can be seen, since the “No 

Bumper” case does not disperse the projectile prior to substructure impact, a smaller hole is 

created than in the “Thin Bumper” case.  However, the “No Bumper” case represents a higher 

energy impact to the substructure.  In the final case, the “Thick Bumper”, the projectile is 

dispersed enough to prevent substructure penetration.  Surface damage and possibly 

deformation of the substructure are likely, but substructure penetration is prevented.   

 Applying this example to the ¼ in. projectile impacts it is not clear whether Inconel or 

titanium TPS offers better protection.  Although, for comparable areal densities, substructure 

hole size is smaller for Inconel TPS than titanium TPS, this information can not be used to 

conclude that the Inconel TPS is more effective than titanium TPS.  If  the reasoning in Figure 

12 is followed, the larger substructure hole size in titanium TPS tests may indicate that the 

titanium TPS is actually dispersing the projectile to a greater extent than Inconel TPS of similar 

areal density, and is therefore a more effective protection.  However, this hypothesis cannot be 

substantiated based on the data available. 

 

 Effect of Outer-panel Facesheet Gauge 

 The thickness of the outer-panel facesheets had a large influence on the substructure 

hole size when 1/8 in. and 3/16 in. particles were used.  Tests with the ¼ in. projectile did not 

appear to be as sensitive to the facesheet gauge.  Increasing the facesheet gauge from 0.005 in. 



30  

to 0.014 in. in tests with titanium honeycomb outer-panels reduced the substructure hole size by 

only 5%.  Increasing the facesheet gauge from 0.005 to 0.010 in. in tests with Inconel 

honeycomb outer-panels (and switching from 3/16 in. cell size to ¼ in. cell size) reduced the 

substructure hole size by 15%.  Phenomenologically the holes were similar, consisting of 

bulging and tearing of the substructure.   

 

 Effect of Honeycomb Cell Size 

 For the range of TPS parameters and projectile sizes tested, variation of the cell size had 

no appreciable effect on substructure penetration or hole size.  It is thought that the influence of 

the honeycomb will be largely dependent on the impact location relative to the honeycomb core, 

where the results could be substantially different depending on whether impact occurred in the 

middle of a cell or over a ribbon.  The effect of honeycomb, and honeycomb cell size, is 

therefore anticipated to be highly random.  For this reason, it is felt that multiple tests should be 

performed for each combination of TPS configuration and projectile size.  If there is significant 

variation between test results with all the test parameters fixed, the source of the variation is 

likely to be due to the honeycomb.  Several tests produced distinct damage zones on the 

substructure.  It is possible that this was due to the honeycomb, which indicates that the 

honeycomb is influencing the formation of the debris cloud.  However, the distinct damage 

zones could also be due to premature projectile break-up prior to impact with the TPS 

specimen. 

 

 Titanium Multiwall Specimens 

 Based on the penetration data in Table III, it can be seen that the titanium multiwall TPS 

resulted in better impact protection against 1/8 in. projectiles than TPS specimens of 

comparable areal density that used titanium honeycomb sandwich outer-panels.  The 



31  

substructure hole sizes generated when testing titanium multiwall TPS with the three projectile 

diameters considered was equal to or smaller than titanium or Inconel honeycomb sandwich 

TPS of comparable areal density. (Figures 9, 10, 11)  However, as was noted earlier, the hole 

size measurement can be misleading.  Comparing the substruture damage characteristics of the 

¼ in. projectile test of the titanium multiwall specimen to the honeycomb TPS specimens tested 

with the same projectile size reveals that, while the honeycomb TPS specimens experienced 

substructure bulging and tearing, impact of the titanium multiwall specimen produced a large 

substructure hole without bulging or tearing.  It is hypothesized that this represents a higher 

energy impact of the substructure in the titanium multiwall test, resulting in a clean hole instead 

of significant structural deformation.  If this hypothesis is correct, the titanium multiwall TPS is 

less effective at disrupting the ¼ in. particles than the other TPS configurations tested.  

However, it should be noted that the standoff distance (distance from outer surface to 

substructure) was 0.77 in. for titanium multiwall specimens and was between 2.26 and 2.54 in. 

for the other TPS specimens studied.  Standoff distance is one of the most important parameters 

in determining impact protection, with increases in distance greatly increasing protection.  It is 

possible that if the titanium multiwall specimens were tested at the same standoff distance as the 

other TPS specimens that the impact protection provided would be significantly increased. 
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Conclusions  
 
 This paper reports the results from a series of 33 hypervelocity impact tests performed 

on various metallic TPS configurations.  The purpose of these tests was to determine the degree 

of protection provided to the substructure against hypervelocity impact.  Taken as a whole, all 

but the lowest areal density TPS configurations were capable of preventing substructure 

penetration by 1/8 in. projectiles.  All specimens that were tested with 3/16 in. projectiles were 

penetrated, however the substructure hole area changed significantly depending on the TPS 

areal density and configuration.  In all tests performed with ¼ in. projectiles a large hole was 

produced in the substructure.  The holes produced by ¼ in. projectile impacts were not only 

larger than those produced by the smaller projectiles, but they were qualitatively different, with 

most ¼ in. projectile tests producing significant substructure bulging and tearing. 

 It is unclear whether, for a given areal density, titanium or Inconel honeycomb sandwich 

TPS offers better protection to the substructure.  The penetration data available is inconclusive.  

All tests with the 3/16 in. projectile resulted in penetration.  Although two of the titanium 

honeycomb outer-panel TPS specimens were penetrated by 1/8 in. projectiles, the specimen 

areal density was significantly lower than the lowest areal density Inconel honeycomb sandwich 

TPS tested.  Substructure hole size was identified as a second measure of the degree of impact 

protection.  Use of substructure hole size was inconclusive for 1/8 in. particles.  For 3/16 in. 

particles, similar substructure hole sizes were produced for Inconel and titanium honeycomb 

sandwich outer-panel TPS of comparable areal density.  However, for ¼ in. projectiles the 

resulting substructure hole size was larger for titanium honeycomb sandwich outer-panel TPS 

than for Inconel honeycomb sandwich outer-panel TPS of comparable areal density.  It is 

possible that a new mechanism becomes dominant in the ¼ in. projectile impacts, resulting in 

different impact behavior.   
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 Although substructure hole size is useful in determining the extent of damage to the 

substructure, it may be misleading if used to determine the impact protection provided by 

different TPS configurations.  The rationale behind this argument is that a poorly disrupted 

projectile may produce a small hole in a given substructure.  A slightly improved shielding 

design will increase the dispersion of the projectile, but if this dispersion is still inadequate a 

larger substructure hole will be generated.  Finally, an adequate shielding design will disperse 

the impact to the extent that the substructure is capable of resisting penetration. 

 Applying this argument to the ¼ in. projectile impacts described above, it can only be 

concluded that the Inconel honeycomb sandwich outer-panel TPS reduced the damage to the 

substructure.  The degree of dispersion and kinetic energy of the impact debris cannot be 

determined from the test data, so the shielding effectiveness of the various TPS configurations 

cannot be determined. 

 The effect of honeycomb, and honeycomb cell size, on impact protection could not be 

determined from substructure penetration or hole size data.  However, examination of the 

characteristics of substructure damage revealed distinct damage zones in several tests.  It is 

possible that these distinct damage zones are the result of the honeycomb redirecting impact 

debris flow.  However, it is also possible that the distinct damage zones resulted from projectile 

break up or damage prior to impact with the TPS specimen. 

 Titanium multiwall TPS prevented 1/8 in. projectiles from penetrating the substructure, 

while titanium honeycomb TPS of equivalent areal density allowed penetration.  In addition, for 

comparable areal densities and for all particle sizes studied, tests with titanium multiwall 

produced smaller substructure hole sizes than tests with titanium honeycomb sandwich outer-

panel TPS.  However, qualitative examination of the substructure damage resulting from ¼ in. 

projectile impact reveals a large hole without significant structural deformation in the test with 

titanium multiwall but significant substructure bulging and tearing in all other tests with the ¼ 
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in. particle.  It is possible that this is due to the impact debris being more concentrated in the 

test with titanium multiwall, resulting in a clean hole instead of substructure bulging.  This 

conclusion is supported by the fact that the standoff distance in titanium multiwall TPS was 

roughly 33% of the distance used in honeycomb TPS, reducing the time the impact debris had 

to disperse. 

 Although the test data obtained should be beneficial in the future design of metallic TPS 

to withstand the orbital debris environment, several areas were identified where further testing 

would be useful.  Penetration data is very useful in determining the shielding effectiveness of 

the TPS.  However, to draw conclusions for many of the parameters investigated, further testing 

is required over a wider range of particle sizes.  In addition, it is anticipated that honeycomb 

core will have a variable effect on the projectile, depending on the impact location relative to 

the honeycomb core.  To better understand the effect of honeycomb core, multiple tests could 

be conducted at a fixed particle size and TPS configuration.  It is possible that variation in the 

results will give an estimate of the honeycomb core effect on impact protection.  In addition, it 

would be useful to take flash x-ray radiographs in future tests, so that impact debris dispersion 

can be determined.  Other techniques to determine the dispersion and velocity of the debris 

cloud could also be investigated.  
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Figure 1:  Metallic TPS Panel Configuration 
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Figure 2.  Titanium Multiwall TPS
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Figure 3:  Schematic representation of a hypervelocity impact of a spherical
particle with a multiple layer target.
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Figure 4:  Schematic representation of Marshall Space Flight Center Light Gas Gun 
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Figure 5:  Front schematic view of hypervelocity impact test specimen holder.
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Figure 6:  Side schematic view of hypervelocity impact test specimen holder. 
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Figure 7:  Schematic of hypervelocity impact test specimen holder with metallic TPS 

elements installed
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Figure 8:  Detail of positioning and support of substructure plate. 
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Figure 9:  TPS Areal Density vs. Substructure Hole Area for four configurations of 

TPS tested with three projectile sizes. 
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Figure 10:  TPS Areal Density vs. Substructure Hole Area focusing on results with 
3/16 in. projectiles. 
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Figure 11:  TPS Areal Density vs. Substructure Hole Area for tests with 1/8 in. 
projectile. 
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Figure 12:  Schematic representation of impact with three different structures.  “No 
Bumper” consists of substructure only, “Thin Bumper” makes use of a ineffective 

bumper, and “Thick Bumper” makes use of a effective bumper. 
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Appendix A:  Pictures of Hypervelocity Impact Specimens 
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